■ Abstract Developmentally regulated gene amplification serves to increase the number of templates for transcription, yielding greatly increased protein and/or RNA product for gene(s) at the amplified loci. It is observed with genes that are very actively transcribed and during narrow windows of developmental time where copious amounts of those particular gene products are required. Amplification results from repeated firing of origins at a few genomic loci, while the rest of the genome either does not replicate, or replicates to a lesser extent. As such, amplification is a striking exception to the once-and-only-once rule of DNA replication and may be informative as to that mechanism. Drosophila amplifies eggshell (chorion) genes in the follicle cells of the ovary to allow for rapid eggshell synthesis. Sciara amplifies multiple genes in larval salivary gland cells that encode proteins secreted in the saliva for the pupal case. Finally, Tetrahymena amplifies its rRNA genes several thousand-fold in the creation of the transcriptionally active macronucleus. Due to the ease of molecular and genetic analysis with these systems, the study of origin regulation has advanced rapidly. Comparisons reveal an evolutionarily conserved trans-regulatory apparatus and a similar organization of sequence-specific cis-regulatory replicator and origin elements. The studies indicate a regulatory role for chromatin structure and transcriptionally active genes near the origins.
THREE SYSTEMS AMPLIFY THREE QUESTIONS
In the Drosophila and Sciara developmental programs leading to gene amplification, cells first exit the mitotic cell cycle and enter the endocycle. The endocycle is a specialized cell cycle of alternating S and G phases, where genomic replication occurs without cell division, resulting in polyploid cells (38, 107) . Subsequently, genome-wide replication ceases and initiations become limited to origins at a few chromosomal loci, resulting in locus-specific gene amplification. Tetrahymena is similar in that all of the genes of the macronucleus are first endoreplicated about 45-fold, and then genome-wide replication ceases, and the rDNA locus is specifically amplified over several hundred-fold (53, 77) . The amplifying systems have allowed researchers to address three critical questions: 1. What is the basic metazoan DNA replication machinery and chromosomal origin structure? 2. How are the amplifying loci selected? Some mechanism ("X") must exist to uniquely mark these loci for amplification. This mechanism might or might not involve a specific X sequence element at the amplifying loci, and a specific trans-regulatory factor X. 3. How does amplification escape the general once-and-only-once rule of DNA replication control?
REPLICATORS AND ORIGINS
Forty years ago Jacob & Brenner proposed the replicon model for regulation of bacterial chromosome replication: A genetic element called the replicator would function as the target site for binding of an initiator protein (51) . Physical mapping techniques, such as 2-D gels, identify the origin, i.e., the location in the DNA where DNA replication initiates. In bacteria and yeasts, the replicator and origin are coincident, and the word origin has sometimes been used to describe both. In Escherichia coli, the initiator protein DnaA binds to repeated motifs at the replicator, oriC. In an ATP-dependent manner, DnaA multimerizes and locally unwinds the DNA. This allows for subsequent loading of helicase and replication fork components (6). Origins have been mapped extensively in metazoans, although the lack of convenient genetic assays has hindered the analysis of replicators. This has resulted in some questions as to the nature and extent of specific sequence requirements for DNA replication initiation in higher eukaryotes (28, 33, 42) .
CELL CYCLE REGULATION OF DNA REPLICATION
Classic mammalian cell fusion studies demonstrated that cells cycle between two distinct states: competent to initiate DNA replication, and noncompetent (95) . At G1 cells become competent, which correlates with the presence of specific multiprotein "prereplication complexes" (pre-RCs) at DNA replication origins (28, 30) . Subsequently, a trans-acting factor appears, sometimes referred to as SPF (Sphase Promoting Factor), that converts the pre-RCs into bidirectional replication forks. Coincident with SPF appearance, the cells lose the ability to make new pre-RCs. This mechanism is thought to contribute to the "once-and-only-once" replication of genomic DNA observed in normal mitotic cell cycles. Consistent with this model, G1 but not G2 cells can immediately enter S phase when fused with S phase cells.
YEAST REPLICATORS AND ORIGINS
The sequence requirements for eukaryotic origin function were first determined in yeast, where convenient genetic assays for replicators are available. Budding yeast replicators were first identified as sequences that could confer high-frequency transformation to plasmids (48, 112) , hence their name ARS, for autonomously replicating sequences. This assay allowed detailed cis sequence analysis of ARS function (49, 70, 79, 93, 116) . The structure of ARS1 is presented in Figure 1 . ARS function requires a sequence conserved among all ARSs, called the ARS consensus sequence, or ACS. The ACS is required for binding of the ORC (described below). The ACS is part of a larger functional element called element A, which also contains some nonconserved sequences. In addition to the A element, ARS function requires an approximately 100-bp domain B, which is 3 of the T-rich strand of the ACS. For certain ARSs, domain B has been found to be composed of subdomains. For example in ARS1, element B1 contributes to ORC binding (94) . 
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TOWER Element B3 binds Abf1, which is a transcription factor and a replication-enhancing protein (121) . Element B2 has been proposed to function as a DNA unwinding element (DUE), and the unwound state appears to be stabilized by interaction with the single-stranded DNA-binding protein Rp-a (72) . Other easily unwound sequences can at least partially substitute for element B2. However, more recent analysis suggests that B2 function requires sequence-specific contacts with the pre-RC (123) . Additional ARSs have similar, but not identical, organizations. Analysis of cis sequence requirements for origin function within the chromosomal context reveals similar sequence requirements, although the relative contribution of different subelements can differ in the two assays (71, 115) . ARS elements have also been identified in fission yeast, but their sequence requirements are different (24, 55) . A much larger region of DNA is required than in budding yeast (∼1 kb), and the region is more A-T rich. Deletion and linker-scanning analysis reveal multiple required subregions and a high degree of redundancy.
YEAST TRANS-ACTING DNA REPLICATION FACTORS
Pre-RCs in S. cerevisiae include the "ORC" (the Origin Recognition Complex) and several other components (Figure 2) . The ORC is a group of 6 polypeptides (Orc1-6) that binds to origins in vivo and in vitro in an ATP-dependent manner (10, 31). Mutations in genes encoding ORC proteins inhibit DNA replication (63) . In S. cerevisiae, the ORC is present at the DNA replication origins throughout the cell cycle (31) . ORC binds specifically to both the A and B1 elements of ARS1, covering about 30 bp, and appears to interact mostly with the A-rich strand (60) . However, the ORC footprint expands coincident with the attainment of competence, owing to the periodic binding of additional proteins required to generate the pre-RC (Figure 2) (32) . These additional proteins have each been demonstrated to be required for initiation by genetic and/or biochemical analyses. Cdc6 appears to directly interact with ORC (78, 89, 91) . In fact, recent evidence suggests that Cdc6 may stabilize ORC DNA binding, and perhaps help target ORC to origins by making sequence-specific contacts with the B2 element (75) . Cdc6 protein is highly unstable and is present only transiently at the beginning of S phase (80) . Binding of Cdc6 allows binding of Cdc45 and the Mcm2-7 proteins (54) . Mcm2-7 is a complex of 6 proteins named for their role in mini chromosome maintenance in yeast (117) . Current data suggest that Mcm2-7 move with the replication fork, and may act as a helicase. The Dbf4 protein binds to the ORC and is thought to recruit the Cdc7 kinase to the pre-RC (36, 89) .
Two kinases are required for the G1/S transition in S. cerevisiae: Cdc28 and Cdc7. Cdc28 is a cyclin-dependent kinase (CDK), and Cdc7 requires its regulatory subunit Dbf4, making it a Dbf4-dependent kinase (DDK). Once recruited to the pre-RC by its regulatory subunit Dbf4, Cdc7 is thought to phosphorylate Mcm2 protein and perhaps other targets at the origin. The phosphorylation of Mcm(s) by Cdc7 appears to relieve a negative block on initiation (44) . Cdc28 is the major
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THE Dbf4-Cdc7 PROTEIN KINASE (DDK)
Cdc7 protein kinase in S. cerevisiae is constitutively expressed, and its kinase activity is dependent upon association with the regulatory subunit, Dbf4 (50) . Dbf4 varies in concentration with the cell cycle, and Dbf4 is required for initiation of DNA replication. Dbf4 binds to origins of replication, apparently via the ORC (Figure 2 ) (36) , and in this way is thought to recruit Cdc7 to the origin. Dbf4 is also involved in checkpoint pathways, and interacts with Rad53, an essential kinase required for activation of DNA damage and DNA replication checkpoint pathways, and which in turn is implicated as a positive regulator of S phase (35, 37) . Dbf4 also interacts with Cdc5, a "Polo" family kinase involved in regulation of S and M phases (45) . It is unknown whether Dbf4 recruits these or other proteins to the origin analogous to its role in recruitment of Cdc7. Cdc7 is also involved in other processes, such as replication-dependent DNA repair, transcriptional silencing, and meiotic recombination. In fission yeast, the homologous Hsk1-Dfp1 complex is required for heterochromatin-mediated cohesion at centromeres (5). Therefore, Dbf4 appears to integrate several different signaling pathways for the orderly completion of the cell cycle and S phase.
Analysis of DNA replication in mammals, Xenopus, and Drosophila reveals that most, if not all, of the DNA replication factors identified in yeast are conserved in the metazoans; however, the specifics of their function can vary considerably (9).
TETRAHYMENA rDNA AMPLIFICATION
Tetrahymena thermophila is a species of ciliate protozoa used in genetic and cytological research. It has two nuclei in a single cell: a transcriptionally silent, diploid, germline micronucleus and the transcriptionally active, polyploid, somatic macronucleus. The advantage of Tetrahymena as a model organism for eukaryotic DNA replication and amplification is that it carries out both cell cycle-controlled replication and locus-specific amplification (53) . The Tetrahymena minichromosome is located in the macronucleus and encodes the 26s, 5.8s, and 16s rRNA. The minichromosome is generated by programmed excision and rearrangement of the germline (micronuclear) ribosomal DNA (rDNA) locus into a 21-kb palindrome. This minichromosome is then amplified several thousand-fold within a single S phase during macronuclear development.
The structure of Tetrahymena rDNA amplicon is shown in Figure 3 . The Tetrahymena rDNA minichromosomes consist of inverted copies of the rRNA coding region (35S) and 5 and 3 nontranscribed spacers (NTS), bound by telomeres. The 1.9-kb 5 -NTS contains positioned nucleosomes that bracket three nucleosomefree regions. Two of the nucleosome-free regions contain the initiation sites for gene amplification, ori-D1 and ori-D2. The 5 -NTS is both necessary and sufficient for replication of artificial rDNA minichromosomes, allowing for mapping of required cis-regulatory elements (12, 86, 96) . Repeated type I elements in the NTS 
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TOWER are required for replication and amplification. The type IA and IB elements colocalize with the origins, while the promoter-proximal type IC and ID elements act at a distance to regulate origin firing (39, 59, 103) . The promoter region therefore acts as a replicator to activate the nearby D1 and D2 origins. In addition to controlling replication initiation, the type I elements mediate replication fork pausing at pause site elements (PSEs) (69) and activate rRNA transcription (87) . PSEs are located 5 to the type I elements in the rDNA promoter and both origins. Mutation of the type I elements ablates fork arrest at the adjacent PSEs. The sequences immediately downstream of type I elements facilitate binding by sequence-specific DNA-binding proteins.
Four different type I element binding factors, TIF1-4, have been identified in Tetrahymena extracts by gel shift assay. These factors bind exclusively to singlestrand DNA (76, 102, 118) . The four factors can be divided into two groups: ORC-like (TIF4) and non-ORC-like (TIF1-3).
TIF1 is a homotetramer with a subunit molecular mass of 21 kDa (76, 103). TIF1 site-specifically binds to A-rich or T-rich single-strand DNA of the type I element. This observation suggests the possibility that TIF1 stabilizes the unwound DNA. TIF1 also interacts with PSEs, and this activity is shown to be essential for replication. TIF1 binds the A-rich strand at the rDNA origins and the T-rich strand at the rDNA promoter (replicator), which suggests that TIF1 interacts with distinctive subsets of trans-acting factors at the two different cis-regulatory elements. The data suggest that TIF1 might facilitate the binding of the ORC-like TIF4 complex (described below) to the rDNA origins. The sequences immediately downstream of the type I element modulate TIF1 binding.
TIF2 has a molecular mass of 85 kDa. Its DNA binding activity is increased in cells undergoing vegetative replication or rDNA amplification. TIF2 binds to type I elements similar to TIF1.
TIF3 is a 32-kDa protein that has high DNA-binding activity in nonreplicating cells. No binding activity was observed after rDNA replication begins, and this expression pattern suggests that TIF3 might be a negative regulator of DNA replication.
TIF4 is an ORC-like factor containing multiple subunits that binds specifically to the T-rich strand in an ATP-dependent manner (77) . TIF4 was detected in both micronuclear and macronuclear extracts. TIF4 is similar to ORC in that it exhibits chromatin association, origin-specific DNA binding, and is organized in a multiprotein complex that contains at least one putative ORC subunit: Antisera specific for Xenopus Orc2 recognized a 69-kDa Orc2-like subunit in the TIF4 complex. However, TIF4 has a distinct mode of DNA recognition relative to S. cerevisiae ORC, which is single-strand DNA binding. TIF4 has its DNA-binding activity peak at S phase. Kapler and colleagues have suggested a model in which programmed changes in p69/Orc2 regulate origin activity (77) . In this model, p69/Orc2 is masked in nonreplicating stages due to a conformational change in TIF4 or the association with other regulatory proteins within the complex. Or, p69/Orc2 might dissociate from the TIF4 complex and relocalize to a nonchromatin nuclear compartment. When S phase begins, nuclear p69/Orc2 increases, while the cytoplasmic p69/Orc2 relocalizes to the macronucleus at the same time. This latter model is similar to recent observations that in mammals, Orc1 and Orc2 subunits cycle between chromatin and nonchromatin nuclear compartments coincident with origin regulation (29) .
DROSOPHILA CHORION GENE AMPLIFICATION
The developing Drosophila oocyte is surrounded by a layer of follicle cells that synthesize the eggshell, or chorion. The genes encoding the major chorion proteins reside in two clusters in the Drosophila genome; one cluster is located on the X chromosome and one on the third chromosome. In order to meet the demand for the rapid synthesis of chorion proteins, the follicle cells specifically amplify the two chromosomal domains containing the chorion gene clusters, ∼16-fold and ∼60-fold, respectively (27, 82) . Recently, two additional loci called DAFC-30B and DAFC-62D were found to also amplify four-to sixfold (22) . Amplification results from the repeated firing of one or more replication origins interspersed within each gene cluster, as indicated by 2-D gel analysis of replication intermediates (26, 46) . The resultant overlapping bidirectional replication forks form an "onionskin" structure ( Figure 4) (22, 82, 98, 110) , and thus an increased gene copy number. The replication forks appear to move unusually slowly (109) . There are no obvious termination sites or strong fork barriers, as amplified copy number falls off as a relatively smooth 40-100-kb bell curve centered over each locus (22, 82, 108) . After synthesizing the chorion, the follicle cells are destroyed prior to egg-laying, and 
282
TOWER therefore the mitotic apparatus needs never to deal with this unusual DNA onionskin. BrdU incorporation and antibody staining allows each of the amplifying loci to be visualized as dramatic foci in the nuclei of stage 10 egg chambers (17a, 17b) .
Drosophila oogenesis is divided into a series of 14 stages. Amplification initiation begins at stage 10B and is completed in stage 11, while slow fork progression and BrdU incorporation continue until stage 13, when the follicle cells are degraded prior to egg-laying (17, 23). The transcription of the chorion genes is first detected at stage 10, with different genes exhibiting specific spatial and temporal patterns of mRNA accumulation (88) . Electron microscopic analysis of chromatin from follicle cells demonstrates the existence of highly transcriptionally active chorion genes and amplification replication forks on the same DNA molecules (84) .
Trans-Regulators of Chorion Gene Amplification
Genetic analyses have identified multiple genes that affect amplification in trans. Female Drosophila homozygous for a mutation in a gene required for chorion gene amplification are sterile, because underproduction of the chorion proteins results in thin, fragile eggshells, and thus nonviable eggs. This eggshell phenotype is easily identified in the dissecting microscope, and readily confirmed by Southern or PCR analysis of DNA isolated from mutant ovaries to measure amplification levels (22, 57, 58, 81, 119) . Similarly, several genes have been shown to have overexpression phenotypes that inhibit amplification and eggshell synthesis. As seen below, the phenotype of several hypomorphic mutations in pre-RC components is limited to amplification, demonstrating that amplification is exquisitely sensitive to the activity level of the basal DNA replication machinery. Chromosomal replication may be unaffected in these mutants due to the redundant origins along the chromosome. In contrast, amplification relies on 1-3 origins where a 50% reduction in activity is expected to have a major effect.
Orc2 (aka k43)
The first amplification trans-regulator to be cloned, k43, was found to encode the Drosophila homolog of the yeast ORC subunit Orc2, thus implicating Drosophila ORC in chorion gene amplification (57) . Null mutations in k43 are lethal, with a phenotype indicating defects in DNA replication and chromatin structure in all dividing diploid cells (90) . In contrast, the k43 293 hypomorphic mutation is female sterile, with defective chorion gene amplification being the only phenotype detected. The k43 293 mutation was sequenced, and the amino acid change could conceivably represent a region of contact between Orc2 and amplification-specific factor(s), such as factor X. However, the k43 293 hypomorphic phenotype is more likely limited to amplification simply because this is the DNA replication process that is most sensitive to a partial loss of Orc2 function.
CYCLIN E Cyclin E complexed with its kinase partner CDK2 is required for S phase of the endocycle in Drosophila (64) . Overexpression of the Cyclin E inhibitor protein decapo inhibited chorion gene amplification, indicating that Cyclin E/CDK is required for amplification (17).
Orc1
The Drosophila Orc1 gene is regulated by E2F and the abundance of Orc1 in cells generally correlates with DNA replication activity. Overexpression of Orc1 in follicle cells using a heat shock-induced construct inhibits chorion gene amplification and increases DNA replication throughout the nucleus (3).
BrdU incorporation in follicle cells undergoing amplification reveals at least four dramatic foci of DNA synthesis, corresponding to the amplifying loci (17). Two large foci correspond to the X and third chromosome loci, whereas two fainter foci correspond to the recently identified DAFC-30B and DAFC-62D loci (22) . Antibody to Orc1 or Orc2 reveals that, coincident with the cessation of endoreplication and the initiation of amplification, ORC moves from a diffuse nuclear distribution into dramatic foci localized at the chorion gene loci, coincident with (or immediately prior to) the BrdU incorporation (3, 100). The Danio rerio and Takifugu rubripes sequences were obtained by using the tblastn program to query genomic sequences in the NCBI database (http://www.ncbi.nlm.nih.gov/BLAST/Genome.html). Since the Danio rerio and Takifugu rubripes sequences were only partial, they did not conform to the known phylogenic relationships among Xenopus, human, Danio, and Takifugu using the CLUSTALW multiple sequence alignment program. The TreeView application (85) was used to generate the phlyogenetic tree from the dnd file produced by the CLUSTALW program.
the chiffon CDDN1 domain is hypothesized to bind to the Drosophila homolog of Cdc7, and the CDDN2 domain is hypothesized to bind to the ORC ( Figure 5 ). Chiffon differs from the related proteins in all other species so far analyzed by having a large, unique carboxy-terminus including two alternative splice forms. This unique carboxy-terminal region of chiffon might bind to factor X, or other proteins involved in amplification. In fact, the unique carboxy-terminus of chiffon might itself be factor X.
Chiffon gene function is required for the dramatic localization of ORC2 to the chorion gene loci: In chiffon null mutants at stages 9 and 10A, apparently normal abundant and diffuse nuclear Orc2 staining is observed, and DAPI staining suggests that endoreplication has proceeded normally. However, at stage 10B the ORC fails to localize into foci and amplification does not initiate (124) . BrdU incorporation reveals that the chiffon phenotype is not associated with continued and inappropriate genome-wide replication as in E2f2 and Mip130 mutants (see below).
Cdt [aka Double-parked, DUP, fs(2)PA77] is required for chorion gene amplification (119) , and localizes to the amplifying chorion gene loci (122) . Cdt was first identified as a factor required for replication in yeast (47) . In S. cerevisiae, Cdt is required for loading of the Mcm2-7 proteins and initiation. In Drosophila chorion gene amplification, Cdt is not only required for initiation, but travels with the replication fork (23) . Cdt localization to the amplifying loci requires Orc2 gene function, and consistent with this, Cdt localizes only after visible ORC foci formation. Genetic and biochemical studies indicate that Cdt is the target for the negative regulator of replication Geminin (74, 92) .
GEMININ Drosophila Geminin mutants are female weakly fertile and have abnormal chorion gene amplification. Geminin forms a complex with Cdt, and is an evolutionarily conserved negative regulator of DNA replication that functions to prevent loading of Mcms (74, 92) . In Drosophila geminin mutants, the transition from genomic endoreplication to amplification at stage 10B appears to proceed normally. However, the geminin mutant follicle cells subsequently exhibit more intense foci of BrdU incorporation and multiple additional foci of incorporation. The data are therefore consistent with an overamplification phenotype and ectopic amplifying loci. (105) . Antibody staining reveals that Mcm6 is present throughout the nucleus at amplification stages, and does not visibly localize to the chorion gene loci.
E2f1, E2f2, Dp, AND Rb E2F is an evolutionarily conserved transcription factor consisting of a Dp subunit and an E2f subunit. The Drosophila genome encodes two E2f subunits, E2f1 and E2f2, and therefore two different E2F transcription factors with different properties (13, 19, 20) . E2F1 is required for the G1 to S transition of the cell cycle, because it regulates the expression of multiple genes required for S phase. Rb is an evolutionarily conserved tumor-suppressor and cell cycle regulator that is recruited to transcriptional regulatory regions of the DNA by binding to E2F. When complexed with the Rb protein, the E2F1/Rb complex acts as a transcriptional repressor. Rb binding masks the transcriptional activation domain of E2F1, and also recruits histone deacetylase complexes (HDACs), resulting in local inhibition of transcription. Phosphorylation of Rb by CDKs converts E2F1 into a transcriptional activator, thereby promoting entry into S phase.
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Recent evidence points to an additional and more direct role for E2F in regulating DNA replication and developmental gene amplification. Drosophila E2f2 null mutants are viable, but female weakly fertile. At the end of the endocycles at stage 10, Orc2, Orc5 (and presumably all of ORC), and Cdc45 fail to localize to the chorion gene loci and remain distributed throughout the nucleus, coincident with inappropriate genomic replication. The data suggest a model in which E2F2/Rb negatively regulates DNA replication throughout the genome. Lack of E2F2/Rb function would cause inappropriate genomic replication in stage 10 follicle cells and inhibit chorion gene amplification, perhaps by titrating away ORC and other pre-RC components.
Drosophila E2F1 is required for chorion gene amplification and for localization of ORC to the chorion gene loci (13, 19, 100, 101) . However, in addition, Drosphila E2F1 and Rb were found to function together as negative regulators of DNA replication and chorion gene amplification in follicle cells. A hypomorphic Rb mutation or a mutation in E2f1 that removes the Rb binding site both resulted in overamplification and inappropriate genomic replication. This might involve direct contact of E2F1/Rb with ORC as these proteins can be found in a complex in ovary extracts (independent of DNA binding). The data suggest a model in which E2F1/Rb binds at the amplifying loci and negatively regulates replication until stage 10B, when E2F1 is converted to a positive regulator of amplification initiation, most likely by phosphorylation of Rb. Consistent with this model, chromatin immunoprecipitation (CHIP) experiments show that E2F1 is enriched in chromatin near ACE3 (13) . Because the negative effects of Rb on transcription are generally mediated by recruitment of HDACs, the results implicate histone acetylation in the regulation of amplification. Consistent with this idea, increased histone acetylation is observed at ACE3 and ori-β during amplification initiation, and experimentally altering histone acetylation levels alters amplification activity (Bhagwan D. Aggarwal and Brian R. Calvi, personal communication).
Myb COMPLEX Recently, a complex was identified that contains the Drosophila homolog of the Myb oncoprotein plus 4 other proteins called Mip130, Mip120, Mip40, and Caf1p55. This complex binds to both ACE3 and ori-β sequences (8) (Figure 7) , and both the Myb and Mip120 subunits exhibit specific binding. Mutation of the Myb binding sites in transgenic constructs reduces amplification, as described below. The Myb complex can be found associated with ORC in extracts, suggesting that Myb might function in amplification by direct contact with ORC. Myb mutants are lethal, consistent with a vital role in DNA replication. Myb mutant follicle cell clones show apparently normal ORC localization at the amplifying loci, but without BrdU incorporation, suggesting that Myb is required late for initiation. Mip130 mutant females are sterile and display inappropriate BrdU incorporation throughout the follicle cell nuclei at stage 10 (7). Surprisingly, Mip130 Myb double mutants are viable, suggesting some function of Mip130 is responsible for the lethality observed in Myb mutants. The data suggested a model in which Myb turns a genome-wide repressive complex containing Mip130 into a complex competent to support initiation at specific chromosomal loci undergoing replication or amplification (7) (Figure 8 ). Myb family members including Drosophila Myb interact with histone acetyl transferases (HATs) and HDACs, suggesting that the Myb complex might mediate some of its effects on amplification by recruiting such chromatin-modifying complexes.
Mapping cis Sequence Requirements for Chorion Gene Amplification
The cis-regulatory sequences for chorion gene amplification have been studied in greatest detail for the third chromosome gene cluster. Essential and stimulatory sequences were mapped by introducing various deleted and mutated genomic constructs into the Drosophila germline by P element-mediated transformation, and asking whether these constructs are now amplified normally in the follicle cells of transgenic females (25) . Amplification is highly subject to chromosomal position effects and only ∼ one third of inserts were active. Previous approaches to deal with the severe position effects were (a) the assay and statistical analysis of large numbers of control and deletion constructs (83) , and (b) creating a series of deletions of one large transgenic construct by imprecise transposase-induced excision events (26) . These studies identified a 320-bp region required for high levels of amplification, called ACE3 (for Amplification Control Element, third Chromosome), as well as four distinct stimulatory regions (or "Amplification Enhancing Regions") AER-A, AER-B, AER-C, and AER-D (Figure 7 ). 2-D gel analysis of DNA replication intermediates (14) isolated from the follicle cells has demonstrated that one of these stimulatory regions (AER-D) overlaps with the major origin of replication used during amplification, now referred to as ori-β ( Figure  7 (26, 46) . A lesser number of replication forks initiated more distally, probably 288 TOWER from the more distal AER-A, -B, and -C stimulatory regions, as well as from a more proximal region near ACE3. For convenience, these sites of lower-frequency initiation are referred to as ori-γ and ori-α, respectively. Thus, amplification utilizes multiple origins, interspersed within the chorion genes, over a region of many kb, with a strong preference for ori-β. This organization appears similar to that of the mammalian DHFR locus, described below.
In small constructs containing a limited amount of stimulatory sequences, the ACE3 element appears essential. However, in larger constructs low levels of amplification can be observed in the absence of ACE3, indicating some redundancy of function between the different elements in the locus (113) . Further deletion mapping of the ACE3 element suggested that ACE3 itself is composed of multiple, partially redundant elements (83) . None of four subdeletions of ACE3 reduced function to the extent of a deletion of all of ACE3: Deletion of a 60-bp subregion of ACE had the largest effect, an average 67% decrease in amplification levels. A particularly informative experiment performed by Orr-Weaver and colleagues tested a multimer of the ACE3 element (18) . ACE3 multimers support very low levels of amplification (∼two-to sixfold) at certain genomic locations, suggesting that ACE3 is sufficient for very low level amplification. As the activity was insufficient to allow physical mapping studies such as 2-D gels, it was not known whether ACE3 or adjacent sequences were functioning as the origin in these constructs. However, Southern blots revealed a bell-shaped gradient of increased copy number centered over vector sequences of the transgenic insert. The data suggest that ACE3 activated cryptic origin sequences in the bacterial vector region. However, it could not be ruled out that ACE3 itself was acting as an origin in those constructs.
Transcriptional Insulators Create Chromosome Domains Permissive for Amplification
The suppressor of Hairy-wing protein binding site (SHWBS) from the gypsy transposon is a powerful transcriptional insulator element (16, 40) . SHWBSs can block enhancer-promoter interactions when placed between the enhancer and the promoter. SHWBSs can also protect transcription from positive and negative chromosomal position effects when placed flanking the transgenic transcription unit (99) .
The SHWBS insulator was found to also affect DNA replication. Transgenic chorion locus constructs containing ACE3 and ori-β are able to amplify, but are extremely sensitive to position effects: only ∼ one third of independent insertions amplify >10-fold. The inclusion of flanking SHWBSs in the constructs dramatically protects DNA replication from position effects such that virtually all insertions amplify >10-fold (66) . The function of the SHWBS insulator requires the trans-acting su(Hw) protein. As expected, the ability of the SHWBSs to protect amplification from position effects was reduced in a su(Hw) mutant background. Amplification was equal on both sides of the SHWBSs, demonstrating that replication fork passage is not significantly impeded by these sites. Inclusion of only a single SHWBS in the construct did not detectably protect the chorion gene DNA replication origin from position effects. The data demonstrated that flanking insulators create a chromosomal domain that is permissive for the function of the chorion gene origin(s), and provided a greatly improved assay for amplification sequence requirements. Using the buffered vector, the 320-bp ACE3 and an 884-bp element designated ori-β were found to be necessary and sufficient for amplification. 2-D gels revealed that ori-β was acting as the origin. In contrast, origin activity could not be detected for ACE3. An insulator placed between ACE3 and ori-β inhibited amplification, indicating that ACE3 activates ori-β in cis. The results indicated that ACE3 acts as a replicator (67, 111) .
Sequence Requirements for ACE3 Replicator Function
Comparative sequence analysis of the corresponding "ACE3" regions in four different Drosophila species identified several highly conserved sequence motifs within ACE3 (114) (summarized in Figure 7 ). Moreover, a fragment containing the conserved sequences from Drosophila grimshawi was shown to have ACE3 function in Drosophila melanogaster. In the earlier study of ACE3 sequence requirements, no deletion of a subset of ACE3 sequences reduced amplification to the extent of a deletion of all of ACE3, suggesting that ACE is composed of multiple, partially redundant elements (83) . It was of interest to determine if the same sequence requirements and redundancy would be observed in a buffered vector containing a smaller chorion locus fragment.
Two parent constructs for deletion analyses have been generated and characterized, where chorion locus sequences were immediately flanked by SHWBS insulator elements (67) . A buffered construct containing only the 320-bp ACE3 and the 840-bp ori-β ("Small Parent" or SP) demonstrated that these elements are sufficient for amplification. However, the levels of amplification were moderate (average eightfold) and were subject to significant chromosomal position effects, even in the presence of the flanking insulator elements. In the BP ("Big Parent") construct, the 320-bp ACE3 and the 840-bp ori-β are in their normal context, i.e., spaced by the ∼1.2-kb S18 chorion gene, and BP supported efficient amplification (∼20-fold) with minimal position effects. It is unknown whether the low activity of SP relative to BP is due simply to insufficient spacing of ACE3 and ori-β, the deletion of specific amplification stimulatory sequences, or whether the presence of any active transcription unit stimulates amplification. This activity should be testable in the future by substituting a heterologous transcription unit.
Because of its relatively high amplification activity, the BP construct was chosen for detailed analysis of ACE3 and ori-β sequence requirements. The evolutionarily conserved core sequences of ACE3 were found to be sufficient for most ACE3 activity. Deletion of the less conserved 5 and 3 flanking sequences within ACE3 had quantitative effects, suggesting that multiple, partially redundant elements comprise ACE3. The sequence requirements for ACE3 function in amplification correlate well with the sequence requirements previously defined for ORC binding in vitro (4). The central region of ACE3, corresponding to the evolutionarily 290 TOWER conserved sequences, was most critical for ORC binding, whereas the 5 and 3 flanking regions within ACE3 stimulated ORC binding. Taken together, the data suggest that the multiple, partially redundant elements that comprise ACE3 are ORC binding sites, and that one critical function of ACE3 in amplification is to bind ORC.
As discussed above, a complex from Drosophila embryo extracts containing Drosophila Myb, p120, and three other proteins binds to both ACE3 and ori-β sequences. Moreover, by examining mutant clones in the follicle cells the Myb gene was found to be required in trans for amplification (8). Both Myb and p120 are capable of DNA binding on their own, and have binding sites that overlap with the essential core region of ACE3 (Figure 7 ). There are two Myb consensus binding sites (121 to 127 and 137 to 142) and three p120 binding regions (27 to 56, 89 to 105, and 184 to 216) in ACE3 element. Small (30-40-bp) deletions that removed one of the Myb consensus binding sites or one of the p120 binding sites in the core region of ACE3 had negative effects on amplification in the context of the BP construct (8). Taken together, these data suggest that another function of the conserved core region sequences of ACE3 is to bind the Myb complex.
Sequence Requirements for Ori-β Function
2-D gel analyses of the endogenous third chromosome chorion gene locus demonstrated that most (70%-80%) initiations occurred in a region containing the ori-β element (26, 46) . In 2-D gel analysis of the BP construct, abundant initiation events, as indicated by bubble structures, were associated with the ori-β element, although no initiations could be detected for ACE3 (67) . Neither the entire 193-bp S. cerevisiae ARS1 origin sequence nor the 20-bp B2 element from ARS1, which is a putative DNA unwinding element, could support amplification, indicating that ori-β is not simply an A/T-rich or easily unwound sequence (124) . Deletion mapping suggests two subcomponents of ori-β: an essential 5 140-bp region that is not particularly A/T rich, and the 226-bp A/T-rich β region (124) . The 366-bp fragment containing both regions was sufficient for most ori-β activity. In addition, the 3 most 140 bp of the starting 840-bp ori-β fragment may have a small stimulatory effect. The portion of the α region in ACE3 and the β region in ori-β are each A/T rich and internally repetitive, and have some sequence homology with each other (62) . A large fragment containing the β region can bind ORC in vitro (4). The data suggest that, like the sequences in ACE3, one required function of the β region in ori-β is to bind ORC.
Sequence Selectivity and Affinity of ORC Binding to DNA
Drosophila ORC binds to ACE3 and ori-β sequences in vivo and in vitro (4), and also binds to origin sequences from Sciara (11), suggesting that sequencespecific ORC binding might determine origin location. However, the selectivity for ORC binding observed in vitro might be due only to the findings that ORC preferentially binds AT-rich sequences and that the origin-associated sequences are particularly AT rich. Quantitative analysis of Drosophila ORC binding to various fragments spanning the chorion locus indicated at most a two-to sixfold difference in affinity for various fragments, and ORC was unable to distinguish chorion locus fragments from vector fragments. It has been suggested therefore that the intrinsic DNA binding affinity of ORC is not sufficient to target it to origins in vivo (97) . It remains to be determined to what extent the modest sequence-specificity of ORC binding contributes to specifying origin location.
Purified Drosophila ORC has a 30-fold higher affinity for negatively supercoiled DNA (97) . This leads to the interesting possibility that local DNA topology might be an important determinant in targeting ORC binding to the chorion gene loci. Negative supercoils could be generated locally by removal of histones by chromatin-remodeling complexes (97) , or by other mechanisms such as transcription (61) (Figure 8 ). Negative supercoiling favors DNA melting in AT-rich sequences and therefore might function in origin activation and in the determination of initiation sites.
Posttranslational modification may also regulate Drosophila ORC DNA binding. In vitro phosphorylation of ORC with CDKs reversibly inhibited ATP-dependent DNA binding, whereas phosphatase treatment enhanced this activity (97) .
ORC Localization, ORC Foci, and DNA Replication Factories
High-resolution (deconvolution) microscopy reveals that ORC localization and BrdU incorporation are initially coincident during amplification initiation at stage 10B (23) (Figure 4) . The ORC staining then remains central as the BrdU pattern resolves into two bands that sandwich the ORC staining, coincident with the movement of the bidirectional replication forks. By stage 12/13 initiations have ceased, and the central ORC staining is lost, revealing a central gap in BrdU staining as the replication forks continue to advance. The ability to temporally resolve and visually inspect the initiation and elongation phases of amplification provides a particularly powerful research tool, and has already yielded surprising evidence that Cdt travels with the replication fork.
Analysis of trans-acting gene mutations confirmed the intimate association between amplification initiation and the formation of the large foci of Orc2 at amplifying chromosomal loci. Mutations in Orc2 itself (k43 293 allele), or mutations in other trans-regulatory genes such as satin, eliminate Orc2 antibody staining and focus formation, consistent with a destabilization of ORC2 and perhaps all of the ORC (124) . In contrast with several other mutations, ORC2 staining is still detectable, but fails to localize into foci. For example, null mutations of Dbf4(chiffon) completely eliminate amplification (58) . In Dbf4(chiffon) null mutant follicle cells, diffuse ORC2 staining was still present in the nucleus, but it failed to localize into foci at stage 10A. A similar phenotype had previously been observed for mutations in the amplification trans-regulators Dp (the subunit of E2F) and Rb (13, 100) . A role for Dbf4(chiffon) in ORC localization was surprising given the well-characterized order of events known for other organisms. In 292 TOWER S. cerevisiae and Xenopus in vitro systems, ORC is bound at origins and is required for the subsequent binding of Dbf4 and its catalytic subunit Cdc7 (DDK), which is one of the last events before origin firing (8, 9) (Figure 2 ). The data suggest two possible models for Dbf4(chiffon)'s role in Orc2 focus formation during amplification: In the first model, Dbf4(chiffon) protein would bind first to the chorion gene sequences, either directly or more likely via an interaction with another DNAbinding protein, as the Dbf4(chiffon) sequence suggests no obvious DNA-binding motifs. Chiffon would then recruit Orc2 to the DNA. This model seems unlikely given the opposite order of events observed in yeast and in Xenopus. In the second and favored model, a relatively small amount of ORC binds first to the chorion gene loci, most likely to the conserved core sequences in ACE3 and the β region in ori-β. Chiffon protein would then interact with the ORC complex(es) and catalyze the further binding of large amounts of ORC to generate the dramatic foci observed upon staining with Orc2 antibody. Most likely there is a mechanism in which the α and β regions nucleate ORC binding, and then through a process dependent upon chiffon, ORC multimerizes and an ORC-containing chromatin structure spreads along the chromosome to form the dramatic foci (Figure 8 ). This model is appealing in that it provides a way for ACE3 and ori-β to interact and form a chromosomal domain activated for DNA initiation events. Previous data indicated that ACE3 and ori-β interact during amplification in a way that can be blocked by an intervening insulator element (67) . Moreover, analysis of the endogenous locus indicates that ACE3 is required for the activation of multiple origins spread throughout a chromosomal domain containing the chorion gene cluster. This model is testable in that it predicts that the insulators would form a boundary for this ORC-containing chromatin structure.
The possibility cannot be ruled out that chiffon is not the true Dbf4 homolog in Drosophila, but this appears unlikely. Chiffon shows conservation with Dbf4 homologs from all other species in the key ORC-binding domain (called CDDN2 or N) and the CDC7-binding domain (called CDDN1 or C) (58) (Figure 5 ). Moreover, there is no other gene in the Drosophila genome with detectable homology to Dbf4 (Figure 6 ). However, chiffon contains an additional large C-terminal protein domain present only in Dbf4 homologs from closely related species, such as anopheles ( Figure 5 ). This C-terminal domain may play a specific role in chorion gene amplification. Further experiments will be required to determine if a role in ORC localization and multimerization is a characteristic of all Dbf4 family members, or whether this represents a function unique to the large chiffon protein. At this point, the most likely model appears to be that Dbf4 mediates ORC multimerization in all species, and that Dbf4 may be a component of this unique chromatin structure.
DNA Sequence Requirements for ORC Localization and Foci Formation
Consistent with the correlation between ORC focus formation and amplification initiation, dramatic Orc2 foci can form at the sites of amplifying transgenic chorion gene constructs (4). In no cases were foci observed at the sites of actively amplifying BP constructs (67) , despite the fact that amplification was readily observed at those sites by BrdU incorporation (124) . One possible explanation might be the moderate amplification level of BP construct (18-to 20-fold). However, the YES-3.8S construct amplifies to similar levels as BP, and an extra Orc2 focus was observed for every line (124) . In addition, multimers of ACE3 with very low amplification level are capable of creating additional Orc2 foci (4). Therefore the lack of focus formation with BP is not simply due to its moderate amplification level, but must reflect the specific sequence content or arrangement in BP. The lack of focus formation in BP is also not simply due to the presence of flanking insulator elements, as the YES-3.8S construct contains the same flanking insulator elements. The data suggest two nonexclusive possibilities. The first is that the difference is due to the fact that BP contains fewer extensive chorion gene sequences than YES-3.8S. Although deletion of these sequences has no significant effect on amplification level, it may be that redundant ORC binding sites were deleted, thereby dramatically reducing visible focus formation. The second possibility is that the relevant difference is the amount of sequence present inside the insulators. BP contains only 2.4 kb between the insulators, whereas Yes-3.8 contains 9 kb. If the insulators limit the size of the domain in which an ORC containing chromatin structure can spread from ACE3 and/or ori-β, then the small size of this domain in BP may not create a visible focus. In this model, the insulators would have two significant effects on amplification: They would prevent the spread of negative chromatin structures into the bounded region and thereby prevent negative chromosomal position effects, and limit the ORC containing chromatin structure and initiation activity to the bounded region (Figure 8 ). These models should be testable in the future by CHIP analysis of chromatin structures associated with chorion gene sequences and transgenic constructs (4, 13). It will be of interest to determine if SHWBS insulators or other types of insulators are involved in organizing the endogenous chorion gene locus and the rest of the genome into domains of DNA replication activity. The relatively sharp 5 borders between regions that exhibit initiations (bubble structures) and regions that do not predict the location of likely insulators in the Drosophila and Sciara amplicons (Figures 3, 8 ).
SCIARA COPROPHILA DNA PUFFS
A developmentally regulated origin has been extensively mapped in another dipteran fly, Sciara coprophila (11, 41) (Figure 3) . In Sciara larvae, the salivary gland cells amplify several loci containing putative pupal case genes, resulting in chromosomal DNA "puffs." The ori II/9A DNA replication initiation site has been mapped to the nucleotide level using RIP (replication initiation point) mapping, and has DNA sequence similarities to the yeast ARS. Drosophila ORC binds to an 80-bp region adjacent to this replication start site (11). The 1-kb origin of amplification is located ∼2.5 kb to the left of the gene II/9-1. Three ecdysone response (EcRE) elements are found in the II/9-1 promoter region and one EcRE 294 TOWER is located within the 1-kb origin next to the ORC binding site, making these good candidates for replicators that would activate both transcription and replication of the locus. A strong Dnase-1 hypersensitive site (DHS) maps at the left boundary of the replication initiation zone for both DNA replication and DNA amplification, making this a good candidate for an insulator. Located between the DHS and the 1-kb origin are two regions of bent DNA that have been hypothesized to recruit histones away from the origin, thereby making the origin available to bind ORC (41) . During Sciara development, the size of the initiation zone and the preferred site of initiation change (68) . During embryonic divisions and preamplification (endoreplication) stages in salivary gland cells, the initiation zone is about 8 kb and centered at the gene II/9-1 promoter. However, during amplification stages, the initiation zone contracts, and replication is now centered over the amplification origin. This contraction correlates with changes in chromatin structure at the soon-to-be-transcribed II/9-1 promoter. The results are consistent with the general model that active transcription and/or the chromatin structure associated with actively transcribed genes precludes initiations within the transcription unit (68) .
A GENERAL MODEL FOR DEVELOPMENTAL GENE AMPLIFICATION
Taken together, the studies with the amplifying systems suggest a general model in which multiple, partially redundant replicator and origin elements activate a chromosomal domain for initiation via recruitment of histone modifying enzymes and ORC (the "initiation zone") ( Figure 8 ). This initiation zone is characterized by a more open and accessible chromatin conformation, probably involving increased histone acetylation. The same or overlapping sets of cis-elements and resultant open chromatin conformation activate the chromosomal domain for transcription. Both the replicators and origins would bind ORC as is observed in Drosophila and Tetrahymena. Dbf4(chiffon) would then bind to ORC and cause ORC multimerization and the spreading of an ORC containing chromatin structure along the chromosome. This process also requires activity of E2F1. This spread is inhibited by insulator or boundary elements, which would mark the ends of the initiation zone. Alternatively, the initiation zone would decay with distance from the actively transcribed gene(s). The origin(s) would be distinguished from the replicator(s) by an additional sequence-specific element (X). In Drosophila this might be the essential 5 140 bp of ori-β. In this model, the active transcription unit plays several roles in determining the location of the origin(s). First, the genes's promoter and enhancer(s) serve as replicators by helping to create the open chromatin conformation via recruitment of histone-modifying enzymes and chromatin-remodeling complexes. This exposes the ORC binding sites at the replicators and origins, allowing for preferential ORC binding at transcriptionally active loci. Second, the actual act of transcription precludes initiation events from within the transcribed region by an unknown mechanism, thereby creating dramatic gaps in the initiation zone. However, at the same time the act of transcription stimulates initiations outside the transcribed region, perhaps by creating negative supercoils that have a high affinity for ORC. Within the initiation zone, initiations occur preferentially at the sequence-specific origin elements. Since both the origin elements and replicators bind ORC, what then distinguishes the origins from the replicators? In the simplest model, the X element that marks the preferred origin is the terminator of the nearby transcription unit. Transcriptional termination would favor origin initiation through either a specific protein contact between the transcriptional 296 TOWER termination machinery and the replication initiation machinery, and/or by creating a locally favorable DNA topology such as negative supercoils or DNA melting. A common proximity of transcriptional terminators and DNA replication origins has been observed in yeast (21) . Alternatively, the replicators (often promoters themselves) are prevented from acting as origins because of their proximity to the 5 end of the transcription unit, through some unknown mechanism-but perhaps the same one that precludes initiations from the transcribed region. These models suggest a number of testable hypotheses that can be addressed using CHIP analysis of wild-type and mutant Drosophila. An alternative is to invoke a hypothetical amplification factor [AF (17)] that would bind to some unidentified sequence element unique to the amplifying loci, and overcome rereplication control, but as yet there is no good candidate.
Taken together, the results with the three amplifying systems suggest tentative answers to the three big questions: (a) What is the basic metazoan DNA replication machinery and chromosomal origin structure? Most of the trans-regulatory machinery appears conserved with S. cerevisiae, although the specifics and order of function may vary considerably. Chromosomal origin structure appears to consist of redundant ORC binding sites made accessible to ORC binding by local chromatin structures associated with gene transcription. (b) How are the amplifying loci selected? The simplest explanation is that amplification is proportional to the transcriptional activity of the locus during a series of rapid endocycle S phases. This predicts that the transition from genome-wide endoreplication to locus-specific amplification corresponds to a transition from genome-wide transcriptional activity to high-level, locus-specific transcriptional activity. This reduces the mechanism for origin selection to the combinatorial transcription factors that mediate high-level transcription of those specific loci at stage 10. In addition, this predicts that the unusual late-stage-12 firing of the DAFC-62D origin (22) may correlate with a late transcriptional activation of gene(s) at that locus. (c) How does amplification escape once-and-only-once control? The simplest explaination is that it doesn't, but rather results from a series of rapid endocycles with one initiation per origin per endo-S phase. The relatively uniform distribution of ORC foci across follicle cell nuclei in stage 10 egg chambers suggests that ORC foci are not disassembled and reassembled for each initiation. Therefore, if any cell cycle is associated with the amplification initiations, the cyclical nature of the events at the origin must occur downstream of foci formation (Figure 8 ). Alternatively amplification can be thought of as one long final endo-S phase, in which the chorion loci origins fire repeatedly. Since repeated firing will require some repeated molecular events at the origins, these two models become indistinguishable.
RELEVANCE TO MAMMALIAN REPLICATION ORIGINS
Because a convenient genetic assay for replicators in higher eukaryotes was not available, research has focused on a variety of physical mapping strategies to identify origins. The mammalian DHFR gene replicon was the first identified and is the best studied: All of the physical mapping methods indicate that the origin(s) are located within the 55-kb spacer region between the 3 end of DHFR and the 5 end of the adjacent gene, called 2BE2121 (28, 65) (Figure 3D) . A variety of techniques, including nascent strand size and abundance measurements, leading and lagging strand polarity, and high-resolution label incorporation during S phase, all indicate two to three specific sites of preferred initiation, called ori-β, ori-β and ori-γ , whereas 2-D gel analysis of replication intermediates indicates that initiation occurs at a large number of sites spread throughout the 55-kb region (15, 34, 56, 120) . The best explanation for these data is that origin activity may involve initiations throughout the region, with some degree of preference for initiation at ori-β, ori-β , and ori-γ .
Several approaches have been used to identify DHFR locus replicators. When a 16-kb stretch of DNA containing the DHFR ori-β was inserted at other locations in the mammalian genome, initiation was found to occur within or near the insertion (43) , suggesting that the 16-kb ori-β region contains important cisregulators. Consistent with this conclusion, 5.8-kb fragments of ori-β were shown to have activity at multiple ectopic chromosomal locations, demonstrating that ori-β is a sequence-specific origin element (2). Hamlin and colleagues have used an elegant mutagenesis strategy to make targeted deletions at the endogenous DHFR locus. Using this approach, deletion of ori-β at the endogenous locus did not detectably alter replication of the locus, whereas deletion of the 3 end of the DHFR gene eliminated activity of ori-β (52). The latter result suggests that read-through transcription disrupts origins, as has previously been observed in Tetrahymena rDNA (87) . In fact, most the intervening 55-kb DHFR spacer region could be deleted (including ori-β and ori-β ) and the remaining spacer sequences supported normal levels of initiation (73) . These data demonstrate that if ori-β functions as a sequence-specific origin element as it appears (2), there must be a relatively large (>20) number of additional redundant origin elements distributed throughout the spacer. Most recently, transcriptional activity of the DHFR gene was shown to stimulate replication, demonstrating that the DHFR promoter functions as a replicator (104) . Strikingly, a heterologous transcription unit was able to substitute for DHFR. The transcription unit was also found to help define the initiation zone by precluding initiations from within the transcribed region. Taken together, the data suggest that the organization and regulation of the mammalian DHFR locus are highly analogous to the amplifying systems.
RELEVANCE TO CANCER
In addition to increasing our understanding of eukaryotic chromosomal DNA replication in general, gene amplification may also be relevant to the study of human cancers. An increased rate of DNA replication is a basic requirement for the proliferation of cancer cells, and it may be that this is an important level at which TOWER proliferation is regulated. The human proto-oncogenes Myb and E2F as well as the tumor-suppresser gene RB1 are implicated in the control of DNA replication, and the Drosophila homologs of these genes regulate chorion gene amplification, as described above. In addition, a number of human tumors are associated with the amplification of DNA domains that can include proto-oncogenes and increase their expression (1), and specific gene amplification has been implicated as one mechanism by which cells develop resistance to chemotherapeutic agents (106) . In both these types of human gene amplification, the initial step may be firing of a DNA replication origin more than once in an S phase. Thus there are several ways in which understanding gene amplification and origin regulation may increase our knowledge of oncogenesis.
ACKNOWLEDGMENTS
I would like to thank Gary Landis, Nan Chen, and Hongjun Zhang for help with research and figure preparation, and thank Brian Calvi for communicating unpublished results. Research on DNA replication in the author's laboratory is supported by a grant from the Department of Health and Human Services (GM061653).
The Annual Review of Genetics is online at http://genet.annualreviews.org 
LITERATURE CITED
